Abstract In this paper we introduce an improved harmonic phase (HARP) analysis for complementary spatial modulation of magnetization (CSPAMM) tagging of the mouse left ventricular wall, which enables the determination of regional displacement fields with the same resolution as the corresponding CINE anatomical images. CINE MRI was used to measure global function, such as the ejection fraction. The method was tested on two healthy mouse hearts and two mouse hearts with a myocardial infarction, which was induced by a ligation of the left anterior descending coronary artery. We show that the regional displacement fields can be determined. The mean circumferential strain for the left ventricular wall of one of the healthy mice was −0.09 ± 0.04 (mean ± standard deviation), while for one of the infarcted mouse hearts strains of −0.02 ± 0.02 and −0.10 ± 0.03 were found in the infarcted and remote regions, respectively.
Introduction
Myocardial infarction following cardiovascular disease is one of the major causes of death in western societies [1, 2] . To improve the diagnostics and the evaluation of treatment of these diseases there is a great need for noninvasive, high-resolution imaging techniques. Magnetic resonance imaging (MRI) offers an extensive set of tools to assess both the global and local morphology and function of the heart in a noninvasive manner [3] and therefore plays an increasingly important role in the clinical management of cardiovascular disease and in basic research on disease etiology and therapeutic options.
Global functional indices of the heart, e.g., myocardial mass, end-diastolic volume, end-systolic volume and ejection fraction, can be measured using CINE MRI [4] [5] [6] [7] . Regional tissue viability can be assessed with perfusion MR, e.g., using arterial spin labeling techniques [8] , or from the delayed enhancement effect following gadolinium diethylenetriamine penta-acetic acid (Gd-DTPA) injection [9] . Phase velocity [10] and tagging techniques [11] [12] [13] [14] are able to measure local wall motion and muscle fiber shortening, which provide important insights into local tissue function. The metabolic state of the heart tissue can be determined using 31 P-, 13 C-, or 23 Na magnetic resonance spectroscopy (MRS) [15] [16] [17] , or by MRI measurements of the local influx of Mn 2+ , which acts as an MRI contrast agent and can be considered a calcium analogue [18] .
In vivo studies in animal models are indispensable to gain an improved understanding of the pathophysiological processes leading to myocardial infarction and to develop diagnostic tools as well as therapeutic interventions. In recent years the mouse has become the animal of choice in studies of many aspects of cardiovascular diseases, which is largely due to the large number of transgenic and knockout mice that has become available. The significant added value of MRI for studying murine models of cardiovascular disease processes, including atherosclerosis [19] [20] [21] [22] [23] , cardiac hypertrophy [24] , and myocardial infarction [25] [26] [27] [28] [29] [30] , is well established.
In this paper we will present global and regional MRI measurements of left ventricle (LV) cardiac function of healthy mice and mice with a left anterior descending (LAD) coronary artery occlusion, using CINE imaging and MRI tagging. In a number of previous studies it was argued that velocity encoding is more suitable for determining regional contractility of the mouse heart than MRI tagging, because of superior resolution and the possibility to measure three-dimensional displacements [10, [31] [32] [33] [34] . However, in this paper we demonstrate that the use of MRI tagging based on the CSPAMM technique, in combination with the harmonic phase (HARP) analysis method [35, 36] , yields accurate information on regional mouse cardiac function with the same spatial resolution as the parent magnitude images.
Materials and methods

Mouse preparation
Four FVB mice (age, 18-20 weeks; weight, 20-23 g) were examined. In two mice myocardial infarction was induced by ligating the left anterior descending (LAD) coronary artery four days before the examination, using published procedures [37] .
For MRI studies, the mice were first sedated in an induction chamber by exposure to 3 vol% isoflurane in medical air at a flow rate of 0.4 l/min. When the respiration rate was slowed down to approximately 1.4 s −1 and the toe-pinch reflex was absent, the mice were transferred to a home-built support unit. A mask, which consisted of two concentric Perspex tubes, was used to supply anesthesia gas. The inner tube delivered the isoflurane (1.5 vol% in medical air; flow rate, 0.4 l/min), while the outer tube removed the excess gasses. To keep the body temperature constant, the mouse was positioned on a Perspex pad that was circulated with heated water. The mice were positioned supine on the warming pad with their head loosely fixed in the inner anesthesia tube.
For electrocardiogram (ECG) monitoring and triggering ultrasound gel (Parker Laboratories, Fairfield, NJ, USA) was put on the front paws to achieve a good electric conductivity between the animal and the ECG unit (combined ECG, respiration, and temperature monitoring unit from Rapid Biomedical, Würzburg, Germany). The paws were then fixed on copper ECG electrodes with the use of medical tape.
During the examination the respiration rate was continuously measured with a balloon pressure sensor connected to the ECG unit. The isoflurane concentration was adjusted to maintain the respiration rate within the range of 1.0-1.6 s −1 . A rectal temperature sensor (Pt100) was connected to the ECG unit and used to monitor the core temperature. The ECG, respiratory and temperature signals were continuously recorded from the ECG unit by a data acquisition PC board (National Instruments model PCI-6013, Austin, TX, USA).
The Animal Care Committee of Maastricht University (Maastricht, the Netherlands) approved the experimental protocol.
MRI protocols
The examinations were performed with a 6.3-Tesla horizontal-bore MR magnet (Oxford Instruments Superconductivity, Eynsham, Oxon, England) interfaced to a Varian (Varian, Palo Alto, CA, USA) VXR-S MR Imaging console (VNMR software 6.1B). The scanner was equipped with a Magnex gradient system (inner diameter, 9.5 cm; maximal gradient strength, 380 mT/m; rise time to full amplitude, 150 µs). A quadraturedriven birdcage coil (Rapid Biomedical, Würzburg, Germany) with an inner diameter of 3.2 cm was used for RF transmission and signal reception.
All MRI scans were collected with the use of a CINE gradient-spoiled gradient echo sequence with the following parameters: Gaussian-shaped RF pulse, 400 µs; flip angle, 30 • ; repetition time 10 ms; echo time, 1.3 ms; acquisition window, 1.28 ms; field of view, 2.56 × 2.56 cm 2 ; matrix, 128 × 128; in-plane resolution, 200 µm; slice thickness, 1 mm; number of averages, 16. MRI scans started immediately at the up-slope of the ECG trigger pulse. The heart cycle was sampled with 10-12 images.
At the start of each examination several scout images were made in the transverse plane and the long-axis plane of the left ventricle to determine the orientation of the short-axis. The location of the central short-axis slice was planned halfway between the apex and base. Global cardiac function was next measured with a single-slice short-axis CINE sequence. By alternatingly scanning a slice above and below the central slice, the whole heart was covered within seven slices.
Tagged MR images were measured to determine the circumferential strain as a regional cardiac function parameter. For tagging, the imaging sequence described above was preceded by a complementary spatial modulation of magnetization (CSPAMM) [38] preparation (Fig. 1) . The CSPAMM consisted of two Gaussian RF pulses, with a flip angle of 45 • each and pulse width of 200 µs. A maximum total flip angle of 90 • was chosen to simplify the analyses of the CSPAMM images. The transversal phase of the last RF pulse was either 0 • or 180 • , which inverted the longitudinal modulation of the tag lines.
The wavelength and the orientation of the tag lines were defined by a 200 µs gradient blip between the two RF pulses. After the second RF pulse the transversal magnetization was dephased by a crusher gradient. The total duration of the CSPAMM tagging preparation was 1 ms. The wavelength of the tag lines was 6 pixels. The tag lines were imaged with a reduced matrix of 32 k-lines in the phase-encoding direction to reduce scan time. This can be done at no cost to the resolution, since for the tagging the resolution is determined by the number of points in the read-out direction. The read-out direction was sampled with 128 points and was positioned perpendicular to the tag lines. The total MR First an anatomical image was made, which was used for segmentation of the left ventricular wall. This was followed by two CSPAMM acquisitions with horizontal and vertical tag lines, respectively. Each CSPAMM acquisition comprised two acquisitions, in which the transversal phase of the second RF pulse in the CSPAMM preparation was either 0 • or 180 • (Fig. 1 ). The total MR tagging acquisition time, for one slice, was 1 h. Three short-axis slices were measured.
Analysis of the CINE images
The global myocardial functional parameters end-diastolic (EDV) and end-systolic volumes (ESV) were determined by counting the pixels within the left ventricular cavity for all slices in the same cardiac phase. These numbers were tabulated and multiplied by the voxel area (4·10 −2 mm 2 ). Summation of all the slices in the same cardiac phase and multiplication by the 1-mm slice thickness resulted in the heart volume through the cardiac cycle. The end-diastolic and end-systolic heart phases were assumed to correspond to the CINE frames with the maximal and minimal left ventricular cavity volume, respectively.
A threshold algorithm was used to create a binary image of the left ventricular cavity after the left ventricular wall was first selected as a region of interest. Because of the inhomogeneities of the RF coil and the transient state of the longitudinal magnetization, the signal intensities of the blood and myocardial wall varied for different slice positions and heart phases. All the images were therefore normalized to the intensity of the dorsal muscle to be able to apply the same threshold value for all slices. Pixels in the normalized images that were located within the left ventricular cavity or adjacent to the ventricular wall and that had a low intensity due to fast flowing blood were included in the binary.
The left ventricular wall volume was determined according to the method of Franco et al. [39] . The circumference of the left ventricular cavity, the endocardial border, was automatically determined using the threshold algorithm described above. Because of the low contrast between the myocardial wall and the chest wall, the epicardial border was segmented manually.
Multiplying the left ventricular wall volume by 1.05 g/cm 3 [40] gave the left ventricular mass. The left ventricular mass was calculated for all heart phases.
The following parameters were calculated from the above measured EDV, ESV and left ventricular wall volume: stroke volume, ejection fraction, cardiac output [41] and left ventricular mass [42] . The functional parameters EDV and ESV were also determined using a manual segmentation of the left ventricular cavity. The papillary muscles were not included in the analysis.
HARP analysis
The HARmonic Phase (HARP) analysis was based on the method described by Osman et al. [43] . First the two k-space data sets of the CSPAMM acquisitions with horizontal tag lines were subtracted from each other. The same was done for the acquisitions with tag lines in the vertical direction. The resulting data sets were multiplied by a bandpass filter to isolate the CSPAMM convoluted image information. The bandpass filter had a cylindrical shape with its axis on the CSPAMM frequency. The filter was rotated 90 • around the centre of k-space for the vertically tagged images. To prevent ringing or loss of tag information, the bandwidth of the filter was chosen to be 20 pixels. Once the CSPAMM frequencies were determined for the first horizontally and vertically tagged images, the same filters were used for all the successive time frames. From these filtered k-space data, HARP images were obtained by inverse Fourier transformation after which the phase in every pixel was calculated.
All pixels in the left ventricular wall that had been manually selected in the first CINE anatomical image were tracked throughout the cardiac cycle. The starting coordinates of the tracked points were the pixel positions in the anatomical image. Two HARP values were obtained from the first horizontal and vertical HARP images for each tracked point. In the next time frame the HARP images were locally unwrapped in an area 1.5 times the CSPAMM wavelength. The pixel quadrant with the new point position was readily identified by matching the horizontal and vertical HARP values. Next, the new point coordinates in the new pixel quadrant were locally interpolated by fitting two surfaces through the four points of the quadrant with the horizontal and vertical HARP values. From all the tracked points, only those which remained within the left ventricular wall, based on a segmentation of the anatomical images, were included in the analysis of the circumferential strain (Ecc).
The local strain in a tracked point was determined by taking the filtered displacement derivative in Cartesian coordinates. With these derivatives the Lagrange strain [43] was calculated. A cylindrical coordinate system of the left ventricle was defined by determining the midpoint of the left ventricular wall in the first CINE anatomical image. The circumferential strain was extracted from the transformation of the Lagrange strain from the Cartesian to the cylindrical coordinate system.
The CINE analyses, the HARP analyses and the calculation of the strains were done using Matlab 6.1 (The Mathworks Inc., Natick, MA, USA)
Results
In the first part of the study it was found that the mouse heart rate was sensitive to the body temperature. The heart rate became also unstable over time when the body temperature was not maintained around 37 • C. Because of this, the mice had a relative large variation in heart rate throughout the examination: for the control animal the heart rate ranged from 520 to 600 beats/min, and for the infarct mouse from 428 to 492 beats/min. To decrease the examination time, we only used ECG triggering and turned the respiratory gating off. The results are shown in Fig. 2 . Almost no artifacts due to respiratory motion were observed in the noise of the images. The total acquisition time now became 7 min for a single-slice CINE series, while amounting to circa 13 min with respiratory gating on.
The global myocardial functional parameters for the healthy mouse and infarcted mouse are shown in Table 1 . The comparison of the above values is indicative of the compromised cardiac function induced by the focal infarction and corresponds to data measured in conscious mice using direct flow measurements at the ascending aorta [44] .
Next, MRI tagging experiments were performed to determine regional cardiac function. To reduce the heart rate fluctuations caused by the body temperature variation during the experiments, both mice were kept at a body temperature of 37.4 ± 0.5 • C. The heart rate for the healthy mouse was ranging from 467 to 477 beats/min during the whole acquisition. The infarcted mouse had a larger heart rate fluctuation of 500 to 590 beats/min.
In Fig. 3 the data of the tagging procedure is shown. In the top row the subtracted horizontal tagged CSPAMM images are represented. The image of the healthy mouse (Fig. 3a) was rotated 45 • counterclockwise to have approximately the same anatomical orientation as the other two images. For the infarcted mouse heart two slices were acquired for comparison, one within the infarcted region (Fig. 3b) and one above the region (Fig. 3c) . Both regions were planned on the basis of the CINE MRI images. Histology (data not shown) showed that the regions were correctly chosen, retrospectively.
The bottom row of Fig. 3 shows the calculated circumferential strains overlaid on top of the anatomical CINE images. A large difference in circumferential strain was found between the healthy (Fig. 3a) and the infarcted mouse heart (Fig. 3b) , where the latter had a high circumferential strain gradient in the apical inferoseptal region. This atypical contraction pattern in this part of the myocardium was also evident from the assessment of the CINE CSPAMM images. The circumferential strain in the slice above the infarction (Fig. 3c) was higher than the values observed at a similar slice position in the healthy mouse. Figure 4 shows a more global analysis of the strain data by separating the left ventricular wall into octants. The resulting mean circumferential strain of each octant is plotted as function of time for healthy (dotted lines), infarcted (solid lines) and remote (dashed lines) regions. For the infarcted heart octants 3-6 in the left ventricular free wall appeared hypokinetic compared to the healthy heart, while remote regions in the septum were hyperkinetic. The mean circumferential strain of the total slice through the left ventricular wall of the healthy mouse heart and the infarct slice and remote slice for the case of the infarcted mouse heart are presented in Table 2 .
Discussion
The primary goal of this study was to show that MRI tagging, combined with HARP analysis, enables the detailed analysis of the regional function of the mouse heart. This was demonstrated for healthy and infarcted mouse hearts. MRI tagging was combined with CINE MRI for the assessment of global myocardial function.
For the CINE measurements respiratory gating was omitted, resulting in a major reduction of the scan time. This is favorable because it is difficult to keep the heart rate of the mouse stable over longer periods of time, especially for those mice with a myocardial infarction. Nevertheless, as can be seen in the bottom row of Fig. 2 , no severe respiratory movement artifacts were introduced in comparison with, for example, those reported in Ref. [45] . However, the through and in-plane motion of the blood resulted in small artifacts in the phase-encoding direction. These artifacts can be reduced by using flow-compensated gradients [46] . We have chosen not to use additional flow compensation because this increases the echo time, which results in loss of signal in the CINE images due to the short T * 2 of the myocardium and therefore a lower signalto-noise ratio. Moreover, the MRI tagging technique is not very sensitive to phase errors, in contrast to the velocityencoding technique, and therefore the small artifacts 2 149±6 * * † Shown as mean ± standard deviation, for: * N=10 heart phases; * * N=12 heart phases Fig. 3 The top row shows horizontally tagged CSPAMM images of a healthy mouse heart (a) and an infarcted mouse heart (b, c) at end-systole. Slice B was positioned through the infarct region, while slice C was located remote above the infarction. The bottom row represents the calculated circumferential strain (Ecc) in every tracked point at end-systole. The Ecc is color coded according to the colorbar on the left. The data from the healthy mouse is rotated by 45 • to obtain approximately the same anatomical orientation as the other data introduced by the flowing blood will not compromise the tagging analysis. Because of this reduction in acquisition time it was possible to measure the left ventricular volume, using the multi-slice sequence, within a reasonable amount of time (approximately 2 h). At the location of the infarction, apical anterior, the relative difference between end-diastolic and end-systolic ventricular areas was considerably less for the mouse with myocardial infarction. This is a consequence of the impaired contractility of the myocardial wall introduced by the infarction and can also be observed in the tagging images (Fig. 3 ) discussed further on.
Since the in-plane spatial resolution of 200 µm is still rather coarse, the position and volume taken by the papillary muscles could not be determined with high accuracy automatically. Furthermore, the automatic segmentation method introduces some errors because of partial volume effects at the myocardial wall and the closing of the trabeculae at the end-systolic period. To assess the errors introduced in the determination of the ventricular volumes, we have compared the automatic segmentation with an expert manual segmentation. In general, the manual segmentation resulted in a 15% lower ESV and EDV, because of more accurate exclusion of papillary muscles and trabeculae. The ejection fraction however remained the same for both methods. The ejection fraction values found (Table 1) are comparable with other studies of mouse ventricular function [30, [47] [48] [49] .
The CSPAMM tagging images were measured with the same resolution in the read-out direction as the CINE images. A major advantage of the CSPAMM technique is that the zero-order image information in k-space is filtered away efficiently and automatically. This will lead to a lower error in the strain and fewer artifacts [36] .
A modified HARP analysis was used to track the material points on the left ventricular wall. This method has the advantage that we obtain comparable resolutions for the CINE and the displacement images, in contrast to the method described by Atalar [50] , which results in a resolution decrease of at least a factor of 4. From begin-systole to end-systole the spatial resolution of the tracked points becomes even higher than the starting resolution, because material points are allowed to move towards each other as the heart contracts.
There are several alternative MRI methods to measure regional displacements and strains in the myocardial wall, such a velocity encoding and Displacement ENcoding with Stimulated Echo (DENSE). However, velocity encoding is extremely sensitive to phase errors and needs time-consuming velocity encoding and compensation of the MRI sequence. Furthermore, this method measures velocities rather than displacements, which makes it significantly more difficult to determine regional strains. Velocity encoding has the advantage that it can be used more easily in a three-dimensional manner. DENSE [34] can also accurately measure displacements and strains with high spatial and temporal resolution. The main drawback of DENSE is a longer acquisition time due to the intrinsically lower signal-to-noise ratio.
The circumferential strains in Figs. 3 and 4 show that there was no uniform distribution of strain values over the left ventricular wall of the infarcted mouse heart. The measured mean circumferential strain of the healthy mouse heart is lower than reported in the literature [12, 34] , which might be explained by differences in mouse strain. Although a detailed analysis of the regional strains in relation to the induced infarction is beyond the scope of this paper, it is noteworthy that the circumferential strain in the slice above the infarction (Fig. 3c and Fig. 4 ) was higher than that in the healthy myocardial wall. This might be explained by the fact that different regions of the mouse heart are going through a process of differential remodeling and adaptation such as also observed in humans [51, 52] and canines [53] . In contrast, Epstein et al. [12] have found impairment of the remote myocardium in mice. Their study, however, differs from our study by a difference in the adaptation time following infarction, 4 days versus 1 day, and a difference in the mouse model, reperfusion versus permanent occlusion. The mean circumferential strains in the infarcted region were lower than found in other studies [12, 34] . These differences might be caused by differences in the measuring position and differences in the extent of the induced infarction. The infarcted slice (Fig. 3b) showed an area with a high strain gradient in the apical inferoseptal region. Analysis of the CINE CSPAMM images in this region showed a small compression in the upper part and a small stretching in the lower part consistent with the strain analysis. From this we conclude that the area is still active and not infarcted but has an atypical contraction pattern. The circumferential strain outside the infarcted region is within the range of previously reported values [12, 34] .
Conclusions
This study demonstrates the feasibility of MRI methods to measure and quantify global and regional function of mouse hearts with myocardial infarction, using CINE and CSPAMM tagging with HARP analysis. The ejection fraction can be measured with sufficient accuracy to distinguish between healthy and infarcted mouse hearts. We have shown that MRI tagging, combined with an improved HARP analysis enables the detailed determination of regional displacements within the ventricular wall. From these displacements the circumferential strain can be calculated, providing information on local function in healthy and infarcted hearts, with a comparable resolution as the anatomical images. 
